We consider the Isgur-Wise function ξ(ω) within a new modified version of a heavy-light chiral quark model. While early versions of such models gave too small absolute value of the slope, namely ξ ′ (1) ≃ −0.4 to −0.3, we show how extended version(s) may lead to values around −1, in better agreement with recent measurements. This is obtained by introducing a new mass parameter in the heavy quark propagator.
Introduction
The Isgur-Wise (IW) function ξ(ω) [1] , the universal function describing a class of B(v b ) → D(v c ) transitions has been studied for many years. (Here v b and v c are the four-velocities for the mesons containing a b, or a c-quark, respectively, and ω ≡ v b · v c ). While some general features of the function follow from heavy quark symmetry [2] , its more detailed shape has been studied in various model approaches [3, 4, 5, 6, 7, 8, 9, 10, 11] .
It is well known that understanding the shape of the IW function, and in particular its slope ξ ′ (1) at the zero recoil point ω = 1 is a necessary prerequisite for determination of the V cb element of the CKM quark mixing matrix. However, there is also another incentive to study this function in quark models -namely, it is an essential ingredient in the model description of amplitudes for important non-leptonic decays of the type B → DD, D K, D π. Thus, to approach such theoretically difficult processes, one first needs a reasonable description of the IW function.
Some versions of quark models [3, 4, 7] gave a slope ξ ′ (1) ≃ −0.4 to −0.3, which is not in agreement with general theoretical expectations expressed in Bjorken [12] and Uraltsev [13] sum rules which together imply −ξ ′ (1) ≥ 3/4. Also, a combined fit [14] to results of experimental measurements of B → D * lν decays gives −ξ ′ (1) = 1.16 ± 0.05, and, although dispersion of experimental results is large leading to a small confidence level of this fit (≈ 1%), it seems reasonable to assume that absolute value of the slope cannot be significantly smaller than 1. In this paper we propose a modified version of the model in [7] , which has a particular feature of explicit inclusion of the gluon condensate effects, enabling consistent estimation of non-factorizable amplitudes [15, 16, 17, 18, 19 ], and we demonstrate that this model gives a satisfactory description of the IW function slope.
There are two slightly different philosophies within the family of heavy-light chiral quark models. In Refs. [3, 4, 7] the focus is on the bosonization procedure. The quark Lagrangian is bosonized by attaching meson fields to quark loops at zero external momentum, thereby integrating out the quarks. External momenta then correspond to derivatives of meson fields. On the other hand, in the approach of the Bari group [6] the external momenta are kept in the loop integral and mass differences between heavy mesons and the heavy quark appear in the final result. This mostly works fine in [6] , but a problem seems to arise when one tries to describe transitions between heavy mesons with different masses.
In this paper we will work with zero external momenta (focus on bosonization), but introduce a parameter ∆ in the heavy quark propagator, which will, for positive values of ∆, correspond to an extra dynamical mass of the heavy quark.
In Sect. 2 we describe this extended version of heavy-light chiral quark model.
In Sect. 3 we show how the model is bosonised and how the model parameters are related to physical quantities. In Sect. 4 we calculate the IW function, and then we conclude. Appendix A contains recursion formulae and expressions for the relevant heavy-light loop integrals.
2 Heavy-Light Chiral Quark Model (HLχQM)
The total Lagrangian describing both quark and meson fields is [7] :
where
is the Lagrangian for Heavy Quark Effective Field Theory (HQEFT), with the mentioned extra mass added. The heavy quark field Q v annihilates a heavy quark with velocity v and mass m Q . Moreover, D µ is the covariant derivative containing the gluon field (eventually also the photon field). In [7] , the O(m −1 Q ) term was also considered, but it will not be needed in this paper, because 1/m c and 1/m b corrections will not be calculated.
The light quark sector is described by the Chiral Quark Model (χQM), having a standard QCD term and a term describing interactions between quarks and pseudo-scalar light mesons:
where q T = (u, d, s) is the light quark field triplet. The left-and right-handed projections q L and q R are transforming after SU(3) L and SU(3) R , respectively. M q = diag(m u , m d , m s ) is the current quark mass matrix, m is the (SU(3) invariant) dynamical mass of light quarks, and Σ = exp(2iΠ/f π ), where Π is a 3 by 3 matrix containing the pseudo-scalar meson octet (π, K, η) in a standard way.
There is also a "rotated version" of the χQM with flavour-rotated quark fields χ given by:
(This field ξ containing the light mesons should be distinguished from the IW function ξ(ω).) In the rotated version, the chiral interactions are transformed into the kinetic term, while the interaction term proportional to m in (3) becomes a pure (constituent) mass term [20, 15] :
where the vector and axial vector fields V µ and A µ are given by:
and
Here L is the left-handed projector in Dirac space, L = (1 − γ 5 )/2, and R is the corresponding right-handed projector. The Lagrangian (5) is manifestly invariant under the unbroken SU(3) V symmetry. In the light sector, the various pieces of the Lagrangian describing strong interactions of mesons can be obtained by integrating out the constituent quark fields χ, and these pieces can be written in terms of the fields A µ and M q which are manifestly invariant under local SU(3) V transformations.
In the heavy-light case, the generalization of the meson-quark interactions of the pure light sector χQM is given by the following SU(3) invariant Lagrangian:
where G H and G 3 are coupling constants, and H a v is the heavy meson field containing a spin zero and spin one boson:
The field P a 5 (P a µ ) annihilates a heavy-light meson, 0 − (1 − ), with velocity v. The index a runs over the light quark flavours u, d, s, and the projection operators P ± have the property
Note that in Refs. [3, 4, 6, 5 ] G H = 1 is used. However, in that case one uses a renormalization factor for the heavy meson fields H v , which is equivalent to the approach in [7] and here. The term ∝ 1/G 3 is (partially) cancelled by a self-energy loop of order G 2 H , and determines the mass difference between the heavy quark and the corresponding heavy meson.
In our model, the hard gluons are considered to be integrated out and we are left with soft gluonic degrees of freedom. These soft gluons can be described using the external field technique, and their effect will be parameterized by vacuum 2 . Gluon condensates with higher dimensions could also be included, but we truncate the expansion by keeping only the one with lowest dimension. When calculating the soft gluon effects in terms of the gluon condensate, we follow the prescription given in [21] . The calculation is easily carried out in the Fock-Schwinger gauge, where one can expand the gluon field as
Since each vertex in a Feynman diagram is accompanied by an integration, we get the Feynman rule given in figure 1. The gluon condensate is obtained by averaging in colour space which yields the following replacement rule:
3 Bosonization within the HLχQM
The interaction term L Int in (7) can now be used to bosonize the model, i.e. to integrate out the quark fields. This can be done in the path integral formalism and the result is formally a functional determinant. This determinant can be expanded in terms of Feynman diagrams, by attaching the external fields H a v , H a v , V µ , A µ and M q of section 2 to quark loops. Some of the loop integrals will be divergent and, analogously to the pure light sector case [20, 22, 23, 15] , they have to be related to physical parameters. The resulting strong chiral Lagrangian has the following form [24, 25, 26, 27, 28, 29, 30] :
where the dots indicate other terms of higher order in the chiral expansion, and the covariant derivative D contains both the photon field and the field V. The 1/m Q suppressed terms have been discarded in the present paper.
Coupling to vector and axial vector current
The Feynman diagrams responsible for the kinetic and axial vector terms in (13) are shown in Fig. 2 . As mentioned in the Introduction, these two diagrams are calculated at zero external heavy meson momentum. The non-gluonic loop integral (first on Fig. 2 ) for the strong vector or axial vector current is
where Γ µ V = γ µ and Γ µ A = γ µ γ 5 for couplings to X = V and X = A. Further, S v (k) and S(k) are the heavy quark propagator and the standard light quark propagator, respectively:
In previous papers [3, 4, 7, 6] , ∆ = 0 was assumed, but here we let ∆ = 0. The gluonic part of the bosonized currents for one of the diagrams (lower left on Fig. 2) is
where gluon fields are represented by the expression from Eq. (11), and it is understood that the derivatives with respect to soft gluon momenta are to be applied to the whole integrand. There are two more diagrams with different ordering of gluon and (axial) vector vertices and after adding all four diagrams from Fig. 2 we obtain
and for the axial case
The loop integrals I n and I n,r occurring in the expressions above are defined in Appendix A, where also expressions for the finite ones are given. The integrals I 2 , I 1,1 above and I 1 from Eq. (43) below are logarithmically, linearly, and quadratically divergent, respectively. They will be expressed in terms of model parameters. The negative parity axial coupling constant g A is taken as model input parameter, g A = 0.59, and g V = 1 (i.e. the normalization). Within the pure light sector the logarithmically and quadratically divergent integrals are related to the pion decay constant f π and the quark condensatein the following way [22, 23, 15] :
This is obtained by relating loop diagrams to physical quantities analogously to Eqs. (29) and (30) below. (Here the a priori divergent integrals I 1 and I 2 have to be interpreted as the regularized ones.) Since the pure light sector is a part of our model, we keep these relations in the heavy-light case studied here. In addition, in the heavy-light sector the (formally) linearly divergent integral I 1,1 will also appear. It will be related to the physical value of g A using Eq. (18) for X = A. Eliminating thus I 1,1 from the (18) and inserting the expression for I 2 obtained from (23) we find the following expression for G H :
where the quantity ρ ∆ is of order one and given by
Let us now consider these relations in two characteristic limiting cases: ∆ → 0 and ∆ → m.
In the limit ∆ → 0, (18) reduces to
This is the result of [7] , except for the sign of κ A which is wrong there. Numerically, this change has no dramatic consequences. In the limit ∆ → 0 we also have Eliminating I 2 we obtain the relation for I 3/2 :
which will replace the Eq. (39) of [7] . In the limit ∆ → m, which means that heavy and light quarks have the same constituent mass, we obtain
Then, for ∆ → m, there is a simplification because κ ∆ → 0 and η ∆ 1 → 0 and thereby
The gluon condensate may be related to the matrix element of the chromomagnetic interaction [2] :
Such a link was used in [7] , but we will not use it because it formally belongs to 1/m Q corrections, which are not considered here. Also, it turns out that such a Figure 4 : Diagrams for bosonization of the left handed quark current to leading order, determining α H choice doesn't lead to any dramatic differences, when numerical results in ∆ → 0 limit are compared to those from [7] . Within the full theory (Standard Model) at quark level, the weak current is
where Q is the heavy quark field in the full theory. Within HQEFT this current will, below the renormalization scale µ = m Q (= m b , m c ), be modified in the following way [2] :
Bosonising this current by calculating diagrams from Fig. 4 we obtain to zeroth order in the axial field and to first order in the gluon condensate the weak current
where heavy meson decay constant is given by
with C γ = 1.077 and C v = 0.0489 being Wilson coefficients within HQEFT [2] . In addition f B and f D have chiral corrections of order 20 MeV (see [7] and references therein), as well as 1/m Q corrections not considered here. From the diagrams in Fig. 4 , we obtain:
where divergent integrals I 1 and I 1,1 will be expressed in terms of model parameters. Since this is the only predicted quantity depending on I 1 it is easy to accommodate physical values of f H , using (24) and adjusting the quark condensate, see Fig. 6 (b). In the limit ∆ → 0
where κ H = (3π − 4)/384, in agreement with [7] . Furthermore, eliminating divergent integrals, one obtains
In the limit ∆ → m
or, eliminating divergent integrals,
This completes the specification and bosonisation of the HLχQM. The remaining free parameters of the model are two condensatesand αs π G 2 and two constituent masses m and ∆. We can now apply the model to calculation of phenomenological quantities, starting with the Isgur-Wise function.
The Isgur-Wise function
The Isgur-Wise function [1] , ξ(ω), relates all the form factors describing the processes B → D(D * ) in the heavy quark limit. In our framework it can be defined via bosonisation of heavy-heavy quark current responsible for B → D transition:
Here Q vc and Q vc are the c and b quark fields within HQEFT. The IW function can be determined by calculating the diagrams shown in figure (5).
One normally expects that emission of the soft gluons from a heavy quark doesn't occur at the zeroth order in 1/m Q . Namely, using the HQET Lagrangian (2), and differentiating the expressions involving heavy quark propagators according (11), will naturally, for diagrams of same class as those on Fig. 4 , lead to 
Results and discussion
Numerical results are presented in Figs. 6 and 7. Fig. 6 displays the slope ξ ′ (1) of IW function as a function of the gluon condensate and the heavy meson decay constant f B as a function of the quark condensate, while Fig. 7 shows slope ξ ′ (1) for some generic condensate values in dependence on the dynamical masses ∆ and m. One observes that for reasonable intervals of masses 3 slope is of the order of -1 and beyond, which is in agreement with values mentioned in the Introduction, as well as with values obtained within other theoretical frameworks [31] and on the lattice [32] . It should be noticed that values for ξ ′ (1) of order or bigger than one prefer smaller constituent mass than in [7] . For easier overview of analytical results, as well as for their numerical checks, it is convenient to again investigate limit ∆ → m. After using constant values for integrals in this limit, as given in Appendix A one obtains simple expression
Numerical values in this limit are not unreasonable.
In conclusion, we have presented an improved Heavy-Light Chiral Quark Model where introducing additional mass parameter in the heavy-quark propagator re-sulted in a flexible model capable of consistent description of heavy-meson decays, where we placed particular emphasis on a characterization of Isgur-Wise function. Further applications of the model, such as calculation of non-factorizable amplitudes for non-leptonic heavy-meson decays could now be attempted. As the slope of the IW function is steeper than the one used in, say, Ref. [18] , the partial amplitudes for B → DD depending on the IW function, might be overestimated there. This will then have consequences for the size of the overall amplitude.
